Palladium-catalyzed cross-coupling reactions (CCRs) of organometallic reagents with electrophiles are among the most important transformations in organic synthesis for the construction of natural products, biologically active compounds, and diverse functional materials.^[@ref1]^ Recently, we reported a highly atom-efficient process for intermolecular cross-coupling of aryl- and alkenylorganolithiums with aryl and alkenyl iodides exploiting a new class of silicon reagents, termed siloxane-transfer agents (cf. compound **1**, Scheme [1](#sch1){ref-type="scheme"}).^[@ref2]^ This tactic permits the direct use of readily available organolithium reagents in cross-coupling reactions and, in turn, eliminates the need for additional synthetic manipulations and/or the isolation of suitable nucleophilic coupling partners (i.e., Suzuki organoborons,^[@ref3]^ Negishi organozincs,^[@ref4]^ Stille organotins,^[@ref5]^ and Hiyama/Denmark organosilicons^[@ref6]^). Importantly, the use of siloxane-transfer agents offers a solution to the intrinsic limitation of Murahashi CCR^[@ref7]^ and the recent Feringa protocol^[@ref8]^ where slow addition of the organolithium reagent is required to avoid the competing formation of homocoupled products resulting from fast lithium--halogen exchange. Although the reported transfer agents **1** proved highly effective in CCRs, recovery of these congeners following the desired transformation via either chromatographic separation or acid--base extraction via inclusion of a Brønsted base in the transfer agent in some cases proved less than optimal. The development of an effective *p*olymer-supported *s*iloxane *t*ransfer *a*gent (PSTA) would simplify both product purification and siloxane recycling, facilitating use of the siloxane tactic by the scientific community and further advancing the siloxane based bond forming process^[@ref9]^ for a variety of applications (e.g., coating of siloxane polymer in flow microreactors).
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Recently, we reported a soluble polynorbornene-supported siloxane-transfer agent^[@ref10]^ (**PSTA-I**, Scheme [2](#sch2){ref-type="scheme"}) employing the ring-opening metathesis polymerization (ROMP) technique. While this polymer proved effective in mediating palladium-catalyzed cross-coupling reactions, there was a decrease in reaction efficiency after repeated cycles in conjunction with reagent-induced increase in the polymer dispersity. In recent years, the trend emphasized in synthetic organic chemistry has been harmonization with the environment and reaction efficiency; thus, recent work has been aimed at developing new solid supports that could be recycled indefinitely with no loss in reaction efficiency. Herein, we report the rational design, synthesis, and validation of a second-generation polymer-supported siloxane-transfer agent for efficient Pd-catalyzed cross-coupling reactions with excellent recyclability.
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Attention was first directed toward the design of a more effective solid support for the transfer agent (Scheme [2](#sch2){ref-type="scheme"}). During our study employing **PSTA-I** we observed, in repeated Pd-catalyzed cross-coupling cycles, an increase in the number average molecular weight and higher polydispersity index of the recovered polymer as determined by gel permeation chromatography. This result is likely due to polymer cross-linking, in which the oxyanion (alkoxide **1a**, Scheme [1](#sch1){ref-type="scheme"}) formed in solution after the addition of the organolithium attacks a nearby silicon atom of another siloxane unit on a different polymer chain. We thus reasoned that we could suppress this process by attaching the transfer agent onto an insoluble support, thus eliminating the interaction between the freely moving polymer chains in solution. Furthermore, the use of a co-monomer would place the siloxane units further away from each other, minimizing the undesired behavior. Removal of the unsaturation in the polymer chain, given the possible vulnerability of the olefinic backbone to chemical degradation, was also viewed as desirable. Finally, a longer linker connecting the siloxane unit to the polymer backbone would likely reduce any steric effect caused by the bulky polymer backbone. On the basic of these considerations, we decided to employ a cross-linked polystyrene polymer (Scheme [2](#sch2){ref-type="scheme"}) as an insoluble support for the design of a second-generation PSTA.

We began the synthesis of the designed cross-linked polystyrene-supported transfer agent via treatment of commercially available 2-bromobenzaldehyde with allylmagnesium chloride to furnish benzylic alcohol **3** (95%), which upon lithiation with *n*-BuLi, followed by anion capture with Me~2~SiHCl and treatment with H~2~O, led to siloxane **4** in 45% yield (Scheme [3](#sch3){ref-type="scheme"}). Siloxane **4** was then converted to aryl bromide **5** in 85% yield by hydroboration with 9-BBN, followed by reaction with *p*-dibromobenzene in the presence of the palladium catalyst Pd(dppf)Cl~2~.^[@ref11]^ In turn, **5** was converted smoothly to styrene **6** via Suzuki reaction^[@ref12]^ employing potassium vinyltrifluoroborate under Pd-catalyzed cross-coupling condition. Suspension copolymerization^[@ref13]^ of **6**, styrene, and the flexible tetrahydrofuran-based cross-linker **7** (in a molar ratio of 12:87:1, respectively) was then achieved with benzoyl peroxide to provide polystyrene-supported siloxane transfer agent **PSTA-II** as well-defined beads.^[@ref14]^ From the design perspective, the employed cross-linker **7** contains a highly stable phenyl ether linkage, leading to a gel-type resin that exhibits excellent swelling properties.^[@ref15]^ The siloxane loading of **PSTA-II** was reasoned to be nearly identical to the silicon loading (1.5 mmol/g), the latter indicated by elemental analysis.

To evaluate **PSTA-II** as a viable cross-coupling transfer agent, we employed conditions similar to those previously reported for **PSTA-I**.^[@ref10]^ Pleasingly, **PSTA-II** efficiently mediated the palladium-catalyzed cross-coupling reaction between phenyllithium and 4-iodoanisole, furnishing the cross-coupling product **10** in 96% isolated yield, importantly with no evidence of homocoupling.^[@ref16]^ Following the coupling reaction, the polymer was removed from the product by simple filtration. After several washings with organic solvents, the recovered polymer was then reused five additional times, providing excellent yield of the desired cross-coupling product **10**, with no loss in reaction efficiency after repeated cycles (Scheme [4](#sch4){ref-type="scheme"}).
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We next explored the possibility of repeated recycling of **PSTA-II** in cross-coupling reactions with different nucleophiles and electrophiles (Scheme [5](#sch5){ref-type="scheme"}). 4-*tert*-Butylphenyllithium was cross-coupled with 4-iodoanisole to provide the desired product **10b** in 95% isolated yield. The recovered polymer was then employed in the second cross-coupling reaction between phenyllithium and 4-iodoanisole, furnishing the desired product **10** in 97% isolated yield. Pleasingly, the first cross-coupling product **10b** was not detected in the second cycle, demonstrating the ability to reuse **PSTA-II** with a different nucleophilic coupling partner without cross-contamination. The recovered polymer above was then recycled successfully in a sequence of eight cross-coupling reactions employing different nucleophilic and electrophilic coupling partnerts for a total of nine iterations (Scheme [5](#sch5){ref-type="scheme"}).^[@ref17]^ Cross-coupling between arylorganolithium reagents and aryl or alkenyl iodides proceeded smoothly to provide the CCR products in excellent yields. Electron-rich and electron-deficient substrates were well tolerated; even an azaheterocycle proceeded well (entry 7). Cross-coupling reactions between phenyllithium and electron-deficient aryl bromides also readily provided the desired products in good yield (entries 8 and 10). Equally successful, CCRs employing alkenylorganolithiums proceeded in good yield with retention of the alkene geometry (entries 4 and 5). In all cases, no evidence of homocoupled products was observed. Pleasingly, cross-coupling reactions employing recovered **PSTA-II** are as high yielding as those employing the freshly made **PSTA-I**. Furthermore, **PSTA-II** offers an operationally convenient protocol in which the polymer could be removed directly from the CCR products via simple filtration without the need to introduce additional solvent to induce polymer precipitation. Importantly, **PSTA-II** permits the cross-coupling of substrates containing highly sensitive functional groups such as a nitrile and ketone (entries 6, 8, 9, and 10), demonstrating the unique advantage offered by this cross-coupling protocol over other reported CCR methods^[@ref7],[@ref8]^ employing organolithium reagents.
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![Recyclability of **PSTA-II** Using Multiple Nucleophiles and Electrophiles\
Siloxane loading was 0.74 mmol/g. All reactions were performed on 0.2 mmol scale of the aryl or alkenyl halides.\
After polymer removal, product mixture was treated with TBAF to remove the silyl group prior to purification.](ol-2014-007086_0005){#sch5}

In summary, the rational design, synthesis, and validation of a greatly improved second-generation insoluble polymer-supported siloxane-transfer agent for use in palladium-catalyzed cross-coupling reactions has been achieved. Importantly, the cross-linked polystyrene support significantly simplifies product purification and permits excellent siloxane polymer reuse with diverse nucleophiles and electrophiles, rendering this tactic a powerful new tool in organic synthesis that could provide "greener" and more sustainable chemical processes. Studies to expand the application of polymer-supported siloxane-transfer agent in other bond-forming processes continue in our laboratory.

Experimental procedures and characterization data for all new compounds. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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